The myocardium is a potential target for the expression of conversion at day 3 with associated myocardial damage. exogenous genes to treat inherited and acquired diseases.
Introduction
Transferring and expressing exogenous genes in the intact adult heart represents a novel approach to the treatment of common cardiovascular disorders. [1] [2] [3] Successful gene expression has followed direct intramyocardial injection, [4] [5] [6] [7] [8] [9] [10] [11] the introduction into the myocardium of cells transfected ex vivo, [12] [13] [14] pericardial gene transfer, 15 intracoronary dwell in the arrested heart, [16] [17] [18] [19] and percutaneous transarterial coronary infusion (PTCI). 8, [20] [21] [22] [23] Most investigators have concentrated on the feasibility and characterisation of in vivo myocardial gene transfer and therefore used biologically inert reporter genes. However, studies have also shown an alteration of myocardial structure and function following the transfer of genes encoding biologically active proteins. 19, 22 Most of these investigations utilise replication-deficient adenovirus vectors because of their high efficiency. [4] [5] [6] [7] [8] [9] 17, 20, 24 Unfortunately, it is becoming increasingly recognised that these vectors also have a number of disadvantages. In the myocardium, adenovirus-driven reporter gene expression usually elicits a brisk lymphocyte-predominant cellular infiltrate which is associated with myocytolysis and the presence of CD8 + cytotoxic T cells. 4, 25, 26 In addition, after first exposure, the host generates neutralising antibodies which limits repeated adenoviral use in adult animals. 27 The combination of the cellular and humoral immune response limits the duration of transgene expression and results in accelerated clearance of the recombinant virion. 28 Cationic liposome-mediated gene transfer has been used for 10 years. 29 In contrast to adenoviral vectors cationic liposomes have a low inherent toxicity which has led to their use in clinical trials. 30 In common with adenoviral vectors, liposome-DNA complexes are able to transfect nondividing cells, but have the added advantage of the absence of protein and genomic DNA derived from virion and complementing cell lines. Previous studies have demonstrated high efficiency gene transfer and an alteration of phenotype after prolonged exposure of the coronary circulation to liposomes ex vivo in either the arrested, 16 or Langendorff perfused, 31 heart. These studies demonstrate that intracoronary delivery of liposome-DNA complexes results in the prerequisites for transgenic protein synthesis, namely DNA uptake, cytoplasmic release following endosomal disruption, transfer to the nucleus and transcription within the nucleus, and 302 finally the translation of the resulting mRNA. Most recently, in vivo transfer to the myocardium of fluorescent oligonucleotides has been demonstrated following intracoronary delivery of fusigenic haemagglutinating virus of Japan (HVJ)-liposomes in vivo. 21 Although this demonstrates effective cytoplasmic nucleic acid uptake in vivo it does not examine the later stages, including transcription and translation, required for expression of a transgene. The aim of this study was to examine reporter gene expression following intracoronary injection of DNAliposome complexes in a clinically relevant in vivo rabbit model.
Results
A total of 31 rabbits were used in this study. One rabbit died following delivery of 800 g of liposomes-DNA infused over 1 min without an intervening filter. This resulted in akinesis of the left heart border and progressive hypotension. We report our findings from 25 rabbits from the intracoronary gene delivery group and from five rabbits from the closed chest infarction group.
Arterial pressure
The pressure within the systemic arterial tree was measured through the side arm of the haemostatic sheath within the right common carotid artery. Before cardiac catheterisation there was no difference between the filtered and unfiltered groups in either systolic (96.3 ± 2.9 mmHg n = 13 and 96.5 ± 5.9 mmHg n = 7, P = NS, respectively) or diastolic arterial pressure (57.5 ± 3.1 mmHg n = 13 and 53.1 ± 4.7 mmHg n = 7, P = NS, respectively). These pressures are similar to those previously reported during open chest procedures in a similar model. 32 In addition, at all subsequent time-points post-infusion pressures were similar between the filtered and unfiltered groups. There was a tendency for the arterial pressure to drop during the intracoronary infusion of vector, however, since arterial pressure was transduced from the side arm of the sheath, recordings were damped during catheter manipulation.
Surface ECG
The surface ECG gives a measure of the timing of depolarisation and repolarisation within the myocardium. Generally speaking, significant alterations in blood flow preferentially affect a portion of the trace known as the ST segment. The duration and severity of such ECG changes following injection tended to be greater with unfiltered liposomes (Table 1 ). In addition, in all rabbits There was a tendency for more prolonged ST segment change (measured at baseline, during, 1, 3 and 5 min after infusion) in the group which received unfiltered cationic liposomes-DNA compared to the filtered group.
undergoing coil embolisation there was marked and persistent ST segment elevation ( Figure 1 ).
X-gal conversion with cationic liposomes
Irrespective of the liposome:DNA ratio, or total amount of liposome-DNA infused, there was macroscopic X-gal conversion 3 days after injection. This appearance occurred almost exclusively when liposome-DNA complexes were unfiltered ( Figure 2 ). The percentage cut surface area of the ventricle which was macroscopically blue in the unfiltered liposomes-DNA (pCAGGS-␤-gal) group was 13.1 ± 5.6%, n = 7 ( Table 2 ). There did not appear to be an obvious correlation between the amount of DNA, or ratio of liposome-DNA infused and the degree or extent of myocardial X-gal conversion. Microscopically, the ␤-gal-positive areas coincided with areas containing islands of microinfarction with an associated inflammatory infiltrate (Figure 3 ). Within these sections we did not observe the X-gal product, either macroscopically or microscopically, within architecturally normal myocardium.
The patchy architectural disruption seen with intracoronary infusion of liposome-DNA complexes suggested capillary or arteriolar embolisation. We therefore examined whether filtration through a 5 m filter was feasible. This did not alter transfection efficiency in vitro.
Following infusion of liposome-DNA complexes through an interposed 5 m filter the percentage cut surface area of the ventricle macroscopically blue was reduced to only 0.854 ± 0.738%, n = 7, significantly less than in that observed in the unfiltered group, P Ͻ 0.05 (see Figure 4) . Similarly, infusion of DNA alone resulted in minimal conversion of X-gal (percentage cut surface area of the ventricle which was macroscopically blue, 0.786 ± 0.786%, n = 5). Infusion of liposomes alone (n = 1) resulted in no X-gal conversion, as was the case in a naive animal (n = 1).
To confirm our hypothesis that X-gal conversion was the result of microinfarction and not gene transfer the experiments were repeated using a plasmid encoding green fluorescent protein (GFP) and not ␤-gal. No GFP activity could be seen in hearts infused with unfiltered pCAGGS-GFP-DC-Chol/DOPE liposomes, although areas of X-gal conversion were still visible (n = 3).
X-gal conversion with coil embolization
Following coil placement ST segment elevation was seen in all hearts ( Figure 1 ). These ECG changes were coincident with hypokinesis of the left heart border, and a 9.8 mmHg drop in mean arterial pressure. These alterations were all much more pronounced than the changes seen with unfiltered liposome-DNA complexes. Immediately following coil deployment, the flow of radiographic contrast was commonly seen around the coil. However, on later injections, presumably when heparinisation was less complete, occlusion of the artery at the level of the coil was always observed and documented. In addition, the efficiency of this method in obstructing flow was determined by TTC staining. This documented homogenous infarction of an extensive portion of the left ventricular wall extending from an area just below the embolisation coil to the apex. Infarction became transmural towards the apex, an appearance similar to that seen with external coronary artery ligation in the open chest rabbit (n = 3). 32 Once we were sure the embolisation technique caused Table 2 The percentage of the cut cross-sectional area in which X-gal staining was evident within serial short axis sections of the heart Unfiltered Filtered DNA alone Embolisation X-gal stained area (%) 13.1 ± 5.6 0.9 ± 0.7 0.8 ± 0.8 44.9 ± 8.1
Unfiltered liposomes (n = 7) were associated with significantly more X-gal staining than unfiltered liposomes-DNA (n = 10) or plasmid DNA alone (n = 5) (P Ͻ 0.05). Coil embolisation of the circumflex artery caused significantly more X-gal staining than any of the other treatments (n = 2, P Ͻ 0.05).
reproducible infarction a separate group of hearts treated by coil embolisation were harvested and developed with X-gal. In these hearts the X-gal product strongly stained the area of infarction, but not the other areas of the heart (percentage surface area of the ventricle which was macroscopically blue, 44.9 ± 8.1%, n = 2) ( Figure 5 ). Histologically, this blue staining was associated with an infiltrate of small inflammatory cells similar to Figure 3 .
Discussion
This study was designed to examine whether cationic liposomes could transfect rabbit myocardium in vivo. The results of our study show that: (1) unfiltered DCchol/DOPE cationic liposome-DNA complexes cause myocardial injury when administered via PTCI to the in vivo heart; (2) following liposome infusion ␤-galactosidase activity is specifically increased in areas of myocardial damage; and (3) by using a GFP reporter gene, filtered liposomes-DNA and coil embolisation as controls, X-gal conversion is shown to result exclusively from the increased ␤-galactosidase present within necrotic myocardium. When cationic liposomes and DNA are mixed together they spontaneously form complexes via electrostatic attraction. 29 These complexes form heterogeneous populations when viewed by electron microscopy (EM). 33 The population(s) of complexes, which actually transfect cells is still uncertain with several models proposed, such as beads on a string, 34 spaghetti and meatballs 33 and multilamellar sheets. 35 However, there is also convincing evidence to support the existence of macro-aggregates within each of these populations. 33 Several factors favour macro-aggregate formation such as the impurity of the DNA, the composition of the suspending vehicle and the ratio of cationic liposome to DNA. 36 We hypothesise that it was these macro-aggregates that were retarding microcirculatory flow and causing infarction. In previous experiments there has been a more prolonged time period for uptake of the liposome-DNA complexes, possibly decreasing the effect of macro-aggregate formation. 16 Alternatively, experiments were performed in low viscosity crystalloid solutions rather than blood, 19, 31 while in other experiments intracoronary delivery was of fusigenic HVJ-liposomes. 19, 21 Under these circumstances macro-aggregate formation may be less marked.
The Escherichia coli lac Z gene which encodes the glycoside hydrolase, ␤-d-galactosidase, has been thoroughly characterised and is commonly used in the detection of transgene activity in a number of organs. 37 A nuclear localisation signal added on to the sequence of the lacZ gene aids detection of positive cells. 38 Some organs do have higher levels of ␤-galactosidase activity than others such as the kidney, however the heart does not. 37 Non- Table 1 ). Figure 2 .
Figure 5 The macroscopic appearance of a heart 3 days following coil deployment within an obtuse marginal branch of the circumflex coronary artery. The method of fixation and X-gal staining is identical to that used in Figure 2. The platinum coil is clearly visible protruding from the cut surface at the 2 o'clock position. There is marked ␤-galactosidase activity localised within the circumflex territory which includes the posterior portion of the interventricular septum. The watershed between the right coronary and circumflex territories can be appreciated by comparison with
specific hydrolysis of substrate can occur, but this is associated with weak false positive staining, rather than the clear staining which we have observed. 37 The advantage of using ␤-galactosidase as a reporter gene is that by using the histochemical assay single cells can be detected within a cell population, as opposed to another commonly used reporter gene, firefly luciferase. The other reporter gene construct encoding green fluorescent protein has the added advantage that as well as being detectable in single cells it does not require fixative and hence can be used in living cells. 39 However, some tissues, including the heart have high levels of background autofluorescence.
Necrotic myocardium is characterised by myocytolyis and infiltrating monocytes-macrophages and lymphocytes. These cells have high levels of endogenous ␤-galactosidase. [40] [41] [42] [43] In particular, infiltrating lymphocytes which contain large amounts of lysosomal ␤-galactosidase [40] [41] [42] are abundant in infarcted myocardium, but are absent within normal myocardium. Although liposomes can activate macrophages directly to increase the activity of a membranous ␤-galactosidase, 44 this would not explain the macroscopic appearance we observed after coil occlusion. Similarly, one could hypothesise that the macro-aggregates fused with, or were phagocytosed by, infiltrating macrophages and that their ␤-galactosidase activity was transgenic in origin. Again this would not be consistent with the localised X-gal conversion seen following coil occlusion or infusion of unfiltered liposome-DNA complexes encoding GFP.
The staining protocol which we utilised in this study has frequently been shown reliably to detect transfer to the myocardium of a ␤-gal reporter gene. 5, 7, 8 Therefore it is unlikely that we observed a nonspecific artefact. More likely is that we detected a true positive reaction resulting from the increased endogenous ␤-gal activity within monocytes-macrophages and lymphocytes infiltrating the injured myocardium.
␤-Galactosidase has not been shown to be up-regulated in previous studies of gene transfer where myocardial infarction was present. 14, 45, 46 However, these studies differed from our own in several respects, the method of occlusion, 46 species (canine 45 and rat 14, 46 ), age of infarct (4-37 days) and method of fixation and staining.
On histological examination there were not as many ␤-galactosidase-positive cells as would have been expected from the striking macroscopic appearance of the sections. However, it was apparent that areas of myocardium that were necrotic had an overall blueish hue due to a small cell infiltrate with blue cytoplasm. This could not be attributed to the haematoxylin and eosin stain. The cells positive for ␤-galactosidase were nonmyocytes but often surrounded myocyte remnants. In addition, the insoluble indigo product of X-gal cleavage by ␤-galactosidase was not lost by processing since there was no difference between xylene and aqueous-based protocols (results not shown). The darker staining was always spatially associated with areas that were macroscopically blue on the original paraffin block. It would be interesting to deter-mine whether increased levels of ␤-galactosidase are present in other organs when there is compromised blood flow.
The model which we describe of closed chest infarction in a small animal has not been reported previously. Dae et al 47 described a model of closed chest infarction with a coronary guide wire, however, since there was no permanent occlusion this would not have mirrored what we believed was happening with the cationic liposome-DNA complexes. We were also able to achieve a gradual onset of ischaemia as the use of heparin resulted in flow past the coil for 10 min after coil implantation.
In conclusion, we have shown that DC-Chol/DOPE cationic liposomes, despite initially encouraging though misleading results, are unable to cause gene transfer in an in vivo model of gene delivery to the rabbit myocardium. Through the use of a novel method to cause closed chest myocardial infarction in the rabbit we have shown that endogenous ␤-galactosidase is up-regulated in damaged myocardium. Thus, when there is any possibility of causing myocardial ischaemia caution needs to be applied when assessing gene transfer with ␤-galactosidase as the reporter gene.
Materials and methods
Preparation of liposome-DNA complexes DC-chol/DOPE liposomes were made as follows. 3␤(NЈ-(NЈ,NЈ-dimethylaminoethane)carbamoyl) cholesterol (DCChol) (12 mol) was synthesised as described previously. 48 DC-Chol and a chloroform solution of dioleoyl L-␣-phosphatidylethanolamine (DOPE) (Sigma, Poole, UK) (8 mol) were combined in dichloromethane (10 ml) (redistilled from phosphorous pentoxide) under an inert nitrogen atmosphere in a round-bottomed flask (100 ml). The mixture was then diluted with sterile 20 mm Hepes buffer, pH 7.8 (10 ml) (pH adjusted with 1 m NaOH), similarly under a nitrogen atmosphere. The resulting two phase system was sonicated (Model F5100b; Decon, Hove, UK) for 3 min at ambient temperature using a single setting bath sonicator. Organic solvent was then removed by evaporation under reduced pressure and the resulting liposomes sonicated for a further 3 min before use. Average diameter, as determined using a photon correlation spectrometer (Model N4 MD sub-micron particle analyser; Coulter Electronics, Luton, UK), was approximately 800 nm.
DC-Chol/DOPE liposomes were combined with the high efficiency eukaryotic expression plasmid, pCAGGS, at 4°C 30 min before in vivo use. 49 The plasmid pCAGGS contains the CMV immediate-early enhancer and chicken ␤-actin promoter with first intron upstream of a multiple cloning site. We have shown previously that this heterologous promoter is transcriptionally active in cardiac myocytes. 50 The plasmid pCAGGS-␤-gal was constructed from pBCH110 (Promega, St Albans, UK) by excising the ␤-gal gene between HindI and BamHI sites and inserting into pCAGGS at the BamHI site. The ␤-gal gene lacked sequences conferring nuclear localisation. The plasmid pCAGGS-GFP was constructed from pEGFP-N1 (Clontech Laboratories, Palo Alto, CA, USA) by excising the EGFP gene between SalI and SspI and inserting into pCAGGS downstream from the ␤-actin promoter between XhoI and EcoRV sites.
After growth in Escherichia coli (DH5␣), plasmid DNA was prepared by alkaline lysis and purified on a double caesium chloride gradient. 51 The DNA was subsequently treated with DNase-free RNase, phenol-chloroform extracted, and purified by precipitation from an ethanolsodium acetate solution. The 260:280 nm ratio was between 1.8 and 1.9, and the DNA was resuspended in sterile H 2 O. The DNA (0.8-1.0 g/l) and liposomes (1.2 g/l) were mixed in Eppendorf tubes at either 3:1 or 1:1 (liposomes:DNA g) and triturated several times before incubation at 4°C for 30 min. No visible aggregates were seen before injection. The liposome complexes were drawn up in a syringe and were either injected directly into the coronary catheter, or through a 5 m filter interposed between the catheter and the syringe. Filtration to 5 m did not affect the efficiency of liposome-mediated gene transfer in vitro.
Coronary catheterisation
All procedures were in accordance with the UK Home Office Animals (Scientific Protection) Act 1986. New Zealand White rabbits (2.5-3.0 kg) were anaesthetised by i.m. injection with hypnorm (0.4 ml/kg) (Janssen-Cilag, High Wycombe, UK) and diazemuls (3 mg/kg) (Dumex, Tring, UK). Following endotracheal intubation (Blue line paediatric tracheal tube, internal diameter 3.0 mm; Portex, Hythe, UK) and the cannulation of a marginal ear vein (21 G Butterfly cannula; Venisystems, Abbott Laboratories, Queenborough, UK) rabbits received 1000 IU of heparin (Leo Laboratories, Princes Risborough, UK) and 1 g/kg of lignocaine (Antigen Pharmaceuticals, Roscrea, Ireland) by i.v. injection. Through a median cervical incision the right common carotid artery was cannulated with a 3.5 Fr haemostatic sheath (Cook, Bjaeverskov, Denmark). Arterial pressure was measured through the side arm of the haemostatic sheath using a MLT0698 blood pressure transducer (ADInstruments, Hastings, UK) connected to a ML117 bridge amplifier (ADInstruments). The surface ECG was recorded using paediatric, surface, Ag/AgCl, electrodes (M-00-S; Medicotest, Olstykke, Denmark), positioned to give an electrical axis approximately equivalent to standard lead II. The ECG leads were connected to a pre-amplifier MLA0313 (ADInstruments) and then a ML131 Bio Amplifier (ADInstruments). The Bridge and Bio Amplifiers were connected to a 4/S MacLab system (ADInstruments) and an Apple Macintosh Perfoma 6320.
Rabbits were catheterised using purpose-made catheters. These were based on a 3 Fr Royal Flush radiopaque nylon catheter and were 20 cm in length, with a 70°angle to a 1 cm Macartney tip (Cook). Catheters were manipulated under fluoroscopic guidance (Xi-Scan Model 1000-1 miniature C-arm; Xi-Tech, Windsor Locks, CT, USA) to the right or left coronary ostium. Catheter position was confirmed by injection of radio-opaque non-ionic contrast (Omnipaque, Nycomed (UK), Birmingham, UK). All procedures were recorded on super-VHS tape at 625 lines (400 lines horizontal resolution) at 28 frames/s, with a video recorder (Model HR-S5900CK, JVC (UK), London, UK) and images annotated for blind analysis.
Surface ECG
ECGs recorded at five time-points were blindly analysed by two experienced cardiologists and assessed for evidence of ischaemic changes before, during and 1, 3 and 5 min after intracoronary liposome-DNA injection. Changes were noted in ST segment shift (Ͼ1 mV), QRS duration (⌬ Ͼ40 ms) or T wave morphology (changes in duration or amplitude Ͼ10%).
Intracoronary injection of liposomes
Liposomes-DNA, liposomes alone, or DNA alone were injected over 1 min. Catheter position was recorded throughout the infusion and engagement reconfirmed by contrast injection at the end of infusion. The catheters were then removed and the cervical incision closed (3/0 black braided silk; Ethicon, Edinburgh, UK). Rabbits were recovered before being killed on the third postoperative day.
Closed chest myocardial infarction Male New Zealand White rabbits (3.0 kg) were prepared and cannulated as for intracoronary delivery of cationic liposomes. A selective circumflex engagement was confirmed by injecting radiographic contrast. Catheters were manipulated to ensure non-occlusive engagement by backflow of blood and flushback of contrast from the left main coronary artery to aorta. A MWCE Embolisation microcoil (Platinum microcoil with synthetic fibres, diameter 0.018 inch; Cook) was placed in the catheter using an introducer. The coil was then positioned at the distal catheter tip using a 0.018 inch guide wire. The coil was deployed into the circumflex artery using the guide wire. Coil position within the coronary tree, radiographic contrast flow past the coil, and alterations in myocardial contractility, were assessed fluoroscopically. Surface ECG and blood pressure changes were recorded continuously. Animals were recovered and killed on the third postoperative day.
Detection of transgene expression
The hearts were fixed and stained as described by Guzman et al. 7 Rabbits were killed by lethal injection of pentobarbitone (Sagatal, 60 mg/ml; Rhô ne Mérieux, Essex, UK) and the hearts were rapidly excised, rinsed and retrogradely perfused with 100 ml of PBS before being perfusion fixed with 1.25% glutaraldehyde in PBS for 15 min. The hearts were then flushed with 50 ml of PBS and perfused with X-gal stain solution (400 g/ml 5-bromo-4-chloro-3-indolyl ␤-d-galactopyranoside (X-gal), 5 mm potassium ferriferrocyanide, 1 mm MgCl 2 in PBS). The hearts were sectioned perpendicular to the long axis at 4 mm intervals and stained in X-gal at 37°C for 3 h. The heart sections were then washed with PBS and fixed in 10% formalin before paraffin embedding and being counterstained with haemotoxylin and eosin. The intrinsic fluorescence of the myocardium was attenuated by staining with Sudan Black. All sections were reported on blindly by an experienced pathologist. Assessment of the macroscopic area of ventricle with positive staining was by planimetry using NIH image, with an average of three readings being taken.
Detection of infarction and area at risk of infarction Hearts were excised as described above and retrogradely perfused with 0.9% saline (Baxter Healthcare, Thetford, UK). After blood had been washed out of the coronary vasculature fluorescent microspheres (Sigma) were flushed through the heart to assess the area at risk. The hearts were sectioned in 6 mm slices and stained for 10 min with a 1% solution of triphenyl tetrazolium chloride at 37°C (Sigma) dissolved in phosphate buffer (pH 7.4, 20% 100 mm monobasic sodium phosphate, NaH 2 PO 4 and 80% 100 mm dibasic sodium phosphate Na 2 HPO 4 ). With this technique viable myocardium stains red. 50 The sections were then visualised under UV light to assess the area at risk.
Statistics
All values are expressed as means ± s.e.m. All comparisons between groups were assessed for significance with a one-way analysis of variance (ANOVA), Fisher's protected least significance difference (FPLSD) method being used for comparisons within the ANOVA table. Statistical significance was defined as P Ͻ 0.05.
